This study includes an economic analysis of the dynamics and prognosis of the forest structure of an area under sustainable forest management in the Amazon, in the primary production of tropical roundwood. It analyzes measurements taken between 2001 and 2011 and carries out forest forecasting for the period from 2001 to 2021 with the application of the Markov Matrix Chain. The variables measured by the probability matrix were transformed into equivalent annual rates and compared over the same period to the Brazilian macroeconomic indicators of gross domestic product (GDP) and the real interest rate of primary roundwood production (TJLP). The valuation of tree density utilized a series of average prices of world imports and exports of roundwood. Between 2001 and 2011, the parameters of the forest dynamics without valuation were similar to the TJLP (1.4% per year) and, when valued, the rates were close to the GDP of 3.5% per year. The forecast from 2001 to 2021 indicates that unrated economic groups behave in a similar way to the TJLP of 1% per annum and to the GDP of 2.2% per year, except the recovery category, which has a negative rate of 1.9% per year. The monitoring of tropical forests allows the achievement of economic indexes capable of assessing the anthropic and natural impacts in short periods of analysis and projecting them over time on natural capital.
Introduction
Social capital represents the sum of the benefits that ecosystems offer to human kind (Georgescu-Roegen, 1971; Naredo, 1987; Daly, 1999) . The United Nations Convention on Biological Diversity recognizes the intrinsic, ecological, economic, scientific, educational, cultural, recreational and aesthetic value of biological diversity and its components (CBD, 2010) .
Sustainable forest management is the tool applied in managing the extraction of roundwood in the tropical forests of the Amazon, Asia and Africa. Its objective is to reduce the effects of logging intensity and to highlight the variables that affect forest dynamics and tree density structure. The study of forest dynamics considers the growth, recruitment and mortality of tree density (Sheil et al., 2000; Blanc et al., 2009; West et al., 2014 , D'Oliveira et al., 2017 .
The application of sustainable forest management is related to global concern with tropical forests, as they play a vital role for life on the planet by storing carbon and greenhouse gases in complex sinks and in global climate regulation (Pan et al., 2011) .
In recent years, tropical forests have declined in size and today represent a finite and vulnerable resource (Food and Agriculture Organization of the United Nations [FAO], 2015) . In the Amazon, in addition to illegal deforestation, atypical climatic events have impacted forests in the last decades, harming their net primary productivity due to increased tree mortality and causing ecological, social and economic damages (Baker et al., 2004; Nepstad et al., 2004; Boisvenue & Running, 2006; Higuchi & Clement, 2006; Negrón-Juarez et al., 2010; Toledo et al., 2011; D'Oliveira et al., 2017) .
To monitor human and natural effects and to estimate productivity, it is necessary to carry out forest monitoring, which is the basis of sustainable forest management (D'Oliveira et al., 2017) . By convention, the sustainability tripod in natural resource management must be: socially just, ecologically correct, and economically efficient, which requires monitoring to correct management failures, future choices of use and sustainability. However, the economy does not calculate the evolution of nature's stocks, causing a gap in understanding the ecological crisis of the planet's natural resources (Georgescu-Roegen, 1971 ).
As a result of the gap shown by Georgescu-Roegen, society and governments do not value biodiversity and its elements, disregarding it in national accounts as well as omitting it from gross domestic product (GDP) and the human development index (HDI). This generated AICHI's Goal-II for Convention of Biological Diversity [CDB] in 2020 (CDB, 2010; Weigrand et al., 2011) . In turn, ecological economics and its foundations consider natural stocks and the evolution of their production and regeneration capacity from a transdisciplinary and eco-integrative perspective, accepting the traditional economic tools and using them, but recognizing their incapacity in the analysis of productivity ecosystems. It is a transdisciplinary approach because it applies various sciences in the study, and it is eco-integrative because it values natural resources alongside economic parameters (Georgescu-Roegen, 1971 ).
For the Organisation for Economic Cooperation and Development [OECD] (2009), ecological economics represents the contribution of biotechnology to economic production, since it is related in real time to sustainable development and environmental sustainability and is composed of three elements: i) biotechnology; ii) knowledge of renewable biomass; and iii) integration among the applications used. Consequently, the concept of sustainability must strive for the economic rationality of the management of natural resources to reduce costs and maximize structural gains, and with that to meet the current and future demands of society (Georgescu-Roegen, 1971; Naredo, 1987; Carpintero-Redondo, 1999; Daly, 2004; Costa & Montysuma, 2016) .
Thus, the objective of this study was to develop a model of analysis capable of evaluating post-logging forest dynamics between 2001 and 2011 in an area under sustainable forest management in the Amazon and to carry out forestry forecasting for the period from 2001 to 2021, transforming its indicator into equivalent annual rates to be compared, over the same periods, to the following macroeconomic indicators in Brazil: i) Gross Domestic Product (GDP); ii) the Brazilian Development Bank's (BNDES) financing rate of primary production; iii) inflation; iv) the economy's exchange rate correction; and the series of international tropical timber prices.
Method

Study Area
The study area is located in the state of Acre, in the Southwestern Brazilian Amazon ( 
Forest Dynamics Parameters
In the period between 2001 and 2011, the forest dynamics information (growth, recruitment and mortality of trees) comes from the forest monitoring of 10 permanent sample plots of 1 hectare (ha). These were set up by the Brazilian Agricultural Research Company (EMBRAPA) in 1999 for the measurements of diameter at breast height, or 1.3 meters (m) from the soil (DBH) in the years 1999, 2001, 2004, 2007, 2011 and 2016 . The selective extraction of tropical roundwood occurred in 2000 with logging intensity of 6.9 m 3 ha -1
. Although it was not part of the study, a high mortality rate of Guadua spp. was observed in 2004. No silvicultural treatments were performed during the period.
In the analysis, all trees with DBH greater than or equal to 20 cm were measured and divided into: a) diametric classes of 10 cm of amplitude, named by the midpoint (25; 35; ... 125 cm); and b) size classes: i) DBH ≥ 20 < 30 cm; ii) DBH ≥ 30 < 50 cm; iii) DBH ≥ 50 < 80 cm; iv) DBH ≥ 80 cm.
The estimates considered tree density (the mean number of trees per hectare) and above ground dry biomass. The above ground dry biomass (AGB) was estimated using the equation developed by Nogueira et al. (2008) : 
Where, Tx%aa: annual rate; AGB + 1: value of future observed AGB in the class; AGB + 0: value of observed AGB in the previous measurement in the class; n: is the time interval between measurements in years.
The annual recruitment rate, or number of new trees that reached a DBH ≥ 20 cm, was estimated using the equation (Schneider, 2004) :
Where, TaaR: annual recruitment rate; ∑R 1 : total number of trees recruited expressed in the studied period; ∑V 0 : total number of living individuals in the current measurement and t: the time interval between measurements in years.
The mortality rate was estimated according to the formula by Sheil et al. (2000) :
Where, TaaM: annual mortality rate; M 1 : number of dead trees between analyzed measurements; M0: number of live trees in the previous measurement.
The growth or evolution of stocks was calculated using the equation (D'Oliveira et al., 2013; :
Where, Taac: annual growth rate (%); ∑N t+1 : sum of the number of live trees at measurement t + 1; ∑ Nt: sum of live trees at measurement t.
Probabilistic Transition Matrix-Markov Chain
In order to predict the forest structure for 2021, based on the 2001-2011 observations, we used the mathematical and probabilistic method of the Markov Chain (Kolmogorov &Aleksandrov, 1956) , applied in studies of forest dynamics in the Amazon (Higuchi, 1987; Teixeira et al., 2007; Vasconcelos et al., 2009; Acuña, 2015) .
To structure the Markov chain the population was divided into size classes (diametric classes with amplitude of 10 cm) to establish the matrix of probabilistic transition among the size classes. The possible transitions were: i) stay in size class; ii) change the size class (forward); iii) ingress of new individuals (recruitment) into the population and iv) mortality (Table 1) . We used 13 size classes to define the matrix, where a11; a12; a13; correspond to recruitment (R); a21 to a1211 correspond to size classes, with a21 (20 ≤ DBH < 30 cm) the first size class and a1211 (DBH ≥ 120 cm) the last class; a212 to a812 correspond to mortality (M). From the transition matrix of the 2001 to 2011 interval, we made the matrix of probabilistic transition (P ij ), which represents the probabilities of transition among the size classes calculated trough the densities in each size class (Higuchi, 1987) , using the equation below:
Where, P ij : probability of occurrence of trees in the size class ij in time t1; n ij : trees in the size class ij in time t and N ij : trees in the size class ij in time t1. Based on the result of the probability transition matrix, the transition matrix for the year 2011 was built, or time t + 2 (two steps ahead), to determine the forecast of diameter distribution between 2001 and 2021, using the equation:
Where, P(n): Matrix of probabilistic transition to n th period; Pn: Matrix of probabilistic transition elevated to the n th power (Table 3) . Based on the matrix of the period 2001 to 2011 squared (two steps ahead) the number of trees for each size class was projected to 2021. Mortality and recruitment were also predicted ( Table 4 ). The projected distribution by size class for 2021 was compared with that observed in 2016 through the chi-square test at 1% of significance (p < 0.01). Note. (*): Chi Square of the frequency distribution observed in 2016 and forecast to 2021 with all classes, (GL = 10, value = 54.04, p < .0001); (**): Chi Square of the frequency distribution observed in 2016 and projected to 2021 without the 25 cm class, (GL = 9 value = 7.86, p = 0.55).
Economic Parameters
The 
Results
Forest Dynamic Parameters-Markov Chain
The change of states determined by the t + 1 transition matrix, expressed as tree density per diametric class, mortality and recruitment in 10 1 ha permanent sample plots monitored from 2001 to 2011, is shown in Table Table 2 .
Recruitment divided by size classes showed that 87% was in class 20 ≤ DBH < 30 cm, 10.9% in class 30 ≤ DBH < 40 cm and 2.5% in classes up to 40 ≤ DBH < 60 cm.
The average time that trees spent in their original state was 50% in the classes with the highest tree density (20 ≤ DBH < 80 cm). In the larger classes, the time spent was lower, due to the smaller number of trees. The change of state of a class presented rates between 18.8% (60 ≤ DBH < 70 cm) and 28.4% (30 ≤ DBH < 40 cm) in the classes between 20 ≤ DBH < 80 cm. In the period, mortality rates ranged from 17.1% (30 ≤ DBH < 40 cm) to 31.3% (60 ≤ DBH < 70 cm), without showing a specific trend.
The two steps ahead for the 2021 (t + 2) probabilistic transition matrix, based on the tree density observed between 2001 and 2011 (t + 1), is presented in Table 3 . The recruitment foreseen for 2021 is distributed between the classes of 20 to 80 cm, of which 47.8% is in the 20 ≤ DAP < 3 0 cm class, 2.39% in the 30 ≤ DAP < 40 cm class, 5% in the 40 ≤ DAP < 50 cm class, 1% in the 50 ≤ DAP < 60 cm class and 0.1% in the 70 ≤ DAP < 80 cm class. Recruitment rates predicted for 2021 were lower than those observed between 2001 and 2011 (Table 3 ).
The change of one diameter class presented rates between 18.8% (70 ≤ DAP < 80 cm) and 28.4% (30 ≤ DAP < 40 cm). Mortality rates ranged from 17.1% (30 ≤ DAP < 40 cm) to 31.3% (60 ≤ DAP < 70 cm) without a specific trend. When we projected the two steps ahead matrix (20yr.), the probability of changes in state increased, for example, in the observed period 2001-2011 this change occurred in four classes (Table 2) , and in the forecast from 2001 to 2021 it occurred in six classes (Table 3 ).
The forecast for mortality for the 2001-2021 period (based on the forest dynamics parameters calculated for the 2001 and 2011 period) predicted a mortality rate of 5% for the 80 ≤ DBH < 90 cm class. In the lower classes this rate varied from 16.3% (20 ≤ DBH < 30 cm) to 20.8% (50 ≤ DBH < 60 cm). There was no mortality prediction for classes larger than 85 cm, since in the period from 2001 to 2011 no mortality occurred.
The number of trees by size class predicted for 2021 by the Markov Chain is shown in Table 4 . We used the 2016 measurement to evaluate the adjustment of the projected distribution for 2021 (Chi-square test with p < 0.01). The observed distribution (2016) and the projected distribution for 2021 were tested. The result showed that when class 20 ≤ DAP < 30 cm was withdrawn from the analyses the distributions did not differ significantly (GL = 9; p = 0.55). The observed and projected annual recruitment rate of trees DBH ≥ 30 cm were similar (Figure 3) , except for the 20 ≤ DAP < 30 cm size class, where the projected rate was lower than that observed, because recruitment in this class is more difficult to predict in short periods (Figure 3) . The long-term real interest rate was calculated by the ratio between the BNDES' 8.1% average annual long-term interest rate between 2001 and 2011 and the Brazilian average annual rate of inflation of 6.61% observed in the period from 2001 to 2011. The result was converted into US dollars by the annual exchange rate correction during that period of -2%, resulting in an average annual value of the real (net) long-term interest rate of 1.4% for the period (Figure 4a ).
The annual average long-term interest rate ( 
Discussions
Forest Dynamics and Forecast
The application of the 'two steps forward' Markov Chain allowed the forest dynamics of the studied area to be analyzed in the interval from 2001 to 2011 and the parameters forecast to be made for 2021. This method also produced consistent results in previous studies carried out in the Brazilian Amazon (Higuchi, 1987; Teixeira et al., 2007; Vasconcelos et al., 2009; Acuña, 2015) .
The Chi Square test did not show a significant difference between the forecast for 2021 and the tree density observed in 2016 when the DBH ≥ 20 < 30 cm diameter class was removed. The highest recruitment and mortality rates occurred in this size class.
The obtained annual rates of biomass increase for trees DBH ≥ 20 cm, observed between 2001 and 2011, were similar to those found by D'Oliveira et al., (2017) in a similar forest in the same region. They were also similar to the results in other studies in dense and open ombrophilous terra-firme forests in Amazon (De Carvalho, 2004; Teixeira et al., 2007; Vasconcelos et al., 2009; Souza et al., 2012 Souza et al., , 2017 ).
The forecasted rates for biomass increase from 2001 to 2021 were lower than those observed between 2001 and 2011, but similar to the literature (De Carvalho, 2004; Teixeira et al., 2007; Vasconcelos et al., 2009; Souza et al., 2012; D'Oliveira et al., 2017; Souza et al., 2017) . The increase in annual biomass rates represents forest recovery after forest disturbance and can be used as an indicator to evaluate the behavior of forest dynamics and to estimate cutting cycles and silvicultural treatments.
The annual mortality rates from 2001 to 2011 found in our study (DBH ≥ 20 cm) were similar to those in other Amazon sites in managed and non-managed areas in different forest types in different periods and monitoring times (Azevedo et al., 2008; Vasconcelos et al., 2009; Salomão et al., 2007; Santos et al., 2018) .
The lowest annual mortality rate was observed between 2001 and 2011, ten years after logging, corresponding to the group of large trees (DAP ≥ 80 cm) with 0.9%. Vasconcelos et al. (2009) 
Economic Model
The economic model was able to compare the annual rates of forest dynamics of an area under sustainable forest management in the Amazon with the macroeconomic indicators used.
The average annual rate of GDP between 2001 and 2011 remained at levels of 3.5% due to a strong process of credit increase in Brazil, increasing its participation from around 27% of the GDP in 2003 to more than 50% in 2011. The credit increase was produced by the adoption of payroll loans, changes in credit legislation for automobile acquisition and changes in the legislation for mortgages (IPEA, 2017) .
From 1994 to 2008, the GDP of the Brazilian Forestry Sector, with an average annual rate of 1.3%, decreased its share in the Brazilian GDP. The fiscal incentives implemented since 1965 to stimulate the forestry sector were restricted in 1988, although the sector continued to contribute to Brazil's GDP at lower levels through financing from the BNDES and development banks. From 1999, there was growth of the nominal GDP of the forest sector due to the increase of the prices of forest products, even with the reduction of the fiscal incentives for the sector (IPEA, 2017; Soares et al., 2014) .
The forestry sector finances its productive activities through the National Rural Credit System created by the Brazil's Central Bank, obtaining resources, for the most part, from the BNDES. The TJRLP calculated by our study resulted in a 1. The tropical timber valuation rate maintained its annual growth even with the 28% drop in European imports at the end of September 2017 (ITTO, 2018) . This trend was also observed in 2018, when tropical timber exports to EU countries fell by 31% compared to the same period in 2016. In 2016, the average price of world exports of tropical roundwood represented an annual growth rate equivalent to 8.7% (ITTO, 2017) . In the period between 2001 and 2008, the valuation rate of tropical roundwood in the Brazilian market was 9.7% per year (Santana et al., 2010) . The valuation of tropical wood in our study only considered species with a market value, which remained on average 11.0% of the capital analyzed during the measurements. To the remaining 89% AGB no value was attributed due to absence of market parameters.
Conclusions
The proposed economic model allowed the comparison of forest dynamics growth parameters by transforming tree size classes into economic categories, with observed and forecasted macroeconomic parameters.
The forest dynamics parameters of mortality, recruitment and growth allowed us to evaluate natural impacts in a relatively short analysis period (10 years), and to forecast them in macroeconomic terms over time.
The forest growth parameters predicted by the Markov Chain for size classes evaluated with DBH equal to or greater than 20 cm were equivalent to the GDP projected for 2001 and 2021. The results allow us to conclude that under the conditions of this work the forest management applied to the area was economically viable, presenting yields similar to those observed and predicted for the Brazilian economy.
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